Insulin resistance in skeletal muscle and liver may play a primary role in the development of type 2 diabetes mellitus, and the mechanism by which insulin resistance occurs may be related to alterations in fat metabolism. Transgenic mice with muscle-and liver-specific overexpression of lipoprotein lipase were studied during a 2-h hyperinsulinemic-euglycemic clamp to determine the effect of tissue-specific increase in fat on insulin action and signaling. Muscle-lipoprotein lipase mice had a 3-fold increase in muscle triglyceride content and were insulin resistant because of decreases in insulin-stimulated glucose uptake in skeletal muscle and insulin activation of insulin receptor substrate-1-associated phosphatidylinositol 3-kinase activity. In contrast, liver-lipoprotein lipase mice had a 2-fold increase in liver triglyceride content and were insulin resistant because of impaired ability of insulin to suppress endogenous glucose production associated with defects in insulin activation of insulin receptor substrate-2-associated phosphatidylinositol 3-kinase activity. These defects in insulin action and signaling were associated with increases in intracellular fatty acid-derived metabolites (i.e., diacylglycerol, fatty acyl CoA, ceramides). Our findings suggest a direct and causative relationship between the accumulation of intracellular fatty acid-derived metabolites and insulin resistance mediated via alterations in the insulin signaling pathway, independent of circulating adipocytederived hormones.
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skeletal muscle ͉ liver T ype 2 diabetes mellitus is the most common metabolic disease in the world, afflicting more than 120 million people, and more than 220 million people are projected to have the disease by the year 2010 (1) . Although the primary factors causing this disease are unknown, it is clear that insulin resistance is a major factor in its pathogenesis. Studies have suggested an important role of fat-derived circulating hormones such as tumor necrosis factor-␣, leptin, adipsin, Acrp30͞adipoQ (adipocyte complement-related protein of 30 kDa), and, most recently, resistin in causing whole-body insulin resistance related to obesity (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Liver and skeletal muscle are the two most important insulin-responsive organs in the body (12) , and it is also possible that accumulation of locally derived fat metabolites in these tissues may be important factors contributing to insulin resistance. To directly address this question, we examined mice with tissue-(muscle or liver) specific overexpression of lipoprotein lipase (LPL). Because LPL is the rate-controlling enzyme involved with triglyceride hydrolysis (13), we hypothesized that tissue-specific overexpression of LPL might represent a powerful tool to selectively increase fatty acid delivery to specific insulinsensitive tissues and determine whether this in turn would affect insulin action. Using this approach, we examined the cause-andeffect relationship between fat and insulin resistance as well as the underlying mechanism.
Materials and Methods
Animals and Surgery. To examine the effect of muscle-specific overexpression of LPL on insulin action and signaling, male muscle-LPL (low expression line; n ϭ 7) and age-matched wild-type littermates (control; n ϭ 6) were studied. To examine the effect of liver-specific overexpression of LPL on insulin action and signaling, male liver-LPL (low expression line; n ϭ 7) and age-matched wild-type littermates (control; n ϭ 3) were studied. Additionally, liver-specific LPL was overexpressed onto heterozygous whole-body LPL knockout mice (liver-LPL͞het KO; n ϭ 3) and studied with littermate controls (het KO; n ϭ 6). At least 4 days before hyperinsulinemic-euglycemic clamp experiments, an indwelling catheter was inserted in the left internal jugular vein while the mice were anesthetized with ketamine and xylazine (14) . Animals were housed under controlled temperature (23°C) and lighting (12 h light; 0600-1800 h, 12 h dark; 1800-0600 h) with free access to water and standard mouse chow.
Glucose Tolerance Tests. Glucose tolerance tests with i.p. injection of 20% glucose (1 mg͞g body weight) were performed in additional muscle-LPL, liver-LPL, and respective control mice (n ϭ 4 for each group) after an overnight fast.
In Vivo Insulin Action. A 120-min hyperinsulinemic-(15 pmol͞kg͞min) euglycemic clamp was conducted (14) after an overnight fast, with a prime-continuous infusion of human insulin (Humulin; Novo Nordisk, Dagsvaert, Denmark), and 20% glucose was infused at variable rates to maintain plasma glucose at basal concentrations. Basal and insulin-stimulated whole-body glucose flux was estimated by using a primecontinuous infusion of [3- (14) . At the end of clamps, animals were anesthetized with sodium pentobarbital injection (2 mg͞kg body weight), and tissues were taken for analysis. 3 H in tissue glycogen, and triglyceride were determined as previously described (14) .
Insulin Signaling. Insulin receptor substrate (IRS)-1-and IRS-2-associated phosphatidylinositol (PI) 3-kinase activity in skeletal muscle (gastrocnemius) and liver, respectively, was measured by immunoprecipitating IRS-1 and IRS-2 (antibodies kindly provided by Morris White, Joslin Diabetes Center, Boston, MA), as described (14) . Tyrosine phosphorylation of insulin receptor in skeletal muscle and liver was measured by using antiphosphotyrosine antibody (Upstate Biotechnology, Lake Placid, NY).
RNA Analysis for Transgene Expression. RNA was prepared from gastrocnemius muscles of muscle-LPL and control mice by using a kit (TRIzol Reagent, GIBCO͞BRL) (15) . The level of LPL mRNA expression in the muscle of muscle-LPL mice was increased by 4-fold as compared with control mice (381 Ϯ 28 vs. 98 Ϯ 48 density in the control mice; P Ͻ 0.005), and LPL activity in the liver of liver-LPL mice was increased by 4-fold (P Ͻ 0.01) compared with control mice, as previously described (16) .
Electron Microscopy Analysis. Skeletal muscle (gastrocnemius) and liver specimens were freshly obtained, stained with uranyl acetate and lead citrate, and examined in a Philips 410 (Eindhoven, The Netherlands) electron microscope.
Mass Spectrometry. Skeletal muscle (gastrocnemius) and liver of additional muscle-LPL (n ϭ 6Ϸ8), liver-LPL (n ϭ 5), and control mice (n ϭ 7Ϸ10) were studied to determine the concentrations of intracellular fatty acid-derived metabolites (i.e., fatty acyl CoA, ceramide, and diacylglycerol) by using mass spectrometry and the modified method of Bligh and Dyer (17) .
Statistical Analysis. Data are expressed as means Ϯ SE. The significance of the difference in mean values between muscle-LPL and control mice, liver-LPL and control mice, and liverLPL͞het KO and het KO mice was evaluated by using the unpaired Student's t test.
Results and Discussion
Plasma Profiles and i.p. Glucose Tolerance Tests. Fasting plasma glucose, insulin, free fatty acids, triglyceride, glucagon, and leptin concentrations were normal in mice with muscle-specific (muscle-LPL) and liver-specific (liver-LPL) overexpression of LPL as compared with their respective control littermates (Table  1) . i.p. glucose tolerance tests revealed that muscle-LPL and liver-LPL mice had impairment in glucose tolerance ( Fig. 1 a and  c) , whereas the insulin response to the glucose load was normal in these mice ( Fig. 1 b and d) .
In Vivo Glucose Flux in Muscle-LPL Mice. We performed a 2-h hyperinsulinemic-euglycemic clamp in awake mice to examine the effect of tissue-specific increase in fat delivery to muscle and liver on insulin action and signaling in these tissues. Muscle-LPL mice had a 3-fold increase in muscle triglyceride content without changes in liver triglyceride content as compared with control mice (Fig. 2a) . Electron microscopic analysis of muscles from muscle-LPL mice also showed an increased number of lipid droplets around the mitochondrial region ( Fig. 3 a and b) . The glucose infusion rate required to maintain euglycemia increased rapidly in control mice and reached a steady-state level within 90 min. In contrast, steady-state glucose infusion rates were 47% lower in muscle-LPL mice, reflecting whole-body insulin resistance in these mice (Fig. 2b) . Consistent with this finding, insulin-stimulated whole-body glucose uptake was decreased by 46% in muscle-LPL mice, whereas insulin-stimulated wholebody glycolysis and glycogen͞lipid synthesis were decreased by 29 and 56%, respectively, in these mice (Fig. 2c) . Moreover, insulin-stimulated glucose uptake in skeletal muscle (gastrocnemius) was decreased by 52% in muscle-LPL mice, and this decrease accounted for most of the whole-body insulin resistance in these mice (Fig. 2d) . Insulin-stimulated glycolysis and glycogen synthesis in skeletal muscle were also decreased by 48 and 88%, respectively, in the muscle-LPL mice (Fig. 2d) . Glucose transport is rate-controlling for glucose utilization in skeletal muscle (18) , and it is likely that decreases in insulin-stimulated muscle glucose transport accounted for the parallel decreases in glycolysis and glycogen synthesis in muscle-LPL mice. In contrast to the decreases in whole-body and muscle glucose uptake, insulin's ability to suppress endogenous glucose production (EGP) was normal in muscle-LPL mice (Fig. 2b) . These findings indicate that muscle-specific overexpression of LPL resulted in muscle-specific insulin resistance but did not affect insulin action in liver.
Insulin Signaling in Muscle-LPL Mice. Decreases in muscle insulin action were associated with a 63% decrease in insulin-stimulated activation of IRS-1-associated PI 3-kinase (Fig. 4a) . Recent studies have shown that IRS-1-associated PI 3-kinase is an important intracellular mediator of insulin signaling in skeletal muscle (19) , and insulin stimulation of both glucose transport and glycogen synthase activity has been associated with activation of IRS-1-associated PI 3-kinase in skeletal muscle (20) . These findings suggest that defects in muscle insulin action may be secondary to the observed defects in muscle insulin signaling in muscle-LPL mice. In contrast to decreases in insulinstimulated activation of IRS-1-associated PI 3-kinase, insulinstimulated tyrosine phosphorylation of the insulin receptor in the skeletal muscle of muscle-LPL mice was unaltered compared with control mice (Fig. 4b) . This finding suggests that the defect in muscle insulin signaling of muscle-LPL mice was not because of an alteration in plasma membrane or membrane-associated insulin receptors (21) . It further suggests that the mechanism of blunted insulin signaling with muscle-LPL overexpression occurs downstream of the insulin receptor possibly at the level of IRS-1 and IRS-2. Despite defects in insulin action and signaling in skeletal muscle, insulin's ability to activate IRS-2-associated PI 3-kinase in the liver (Fig. 4c) was unaltered in muscle-LPL mice. Recent studies in IRS-2 gene-disrupted mice have suggested that IRS-2 is important in mediating insulin activation of hepatic glucose metabolism (i.e., insulin's ability to suppress EGP) (19, 22) . In this regard, a lack of effect of muscle-specific overexpression of LPL on insulin activation of IRS-2 associated PI 3-kinase in liver may explain why insulin suppresses EGP normally in these mice. Moreover, insulin-stimulated glucose uptake in epididymal white adipose tissue was not altered in the muscle-LPL mice (106 Ϯ 18 vs. 105 Ϯ 18 nmol͞g͞min in the control mice; P Ͼ 0.05). These results show that muscle-specific overexpression of LPL causes muscle-specific insulin resistance with normal insulin action in liver and white adipose tissue.
In Vivo Glucose Flux in Liver-LPL Mice. The effect of liver-specific increase in LPL expression on insulin action and signaling was also examined during a 2-h hyperinsulinemic-euglycemic clamp. Liver-LPL mice had a 2-fold increase in liver triglyceride content without changes in muscle triglyceride content as compared with the control mice (Fig. 5a ). Electron microscopy analysis of liver from liver-LPL mice also revealed an increased number and size of lipid droplets around the perinuclear region (Fig. 3 c and d) . The steady-state glucose infusion rate required to maintain euglycemia was decreased by 29% in the liver-LPL mice (Fig.  5b) , suggesting that the liver-LPL mice were insulin resistant. Basal EGP was unaltered in the liver-LPL mice (P Ͼ 0.05); however, insulin's ability to suppress EGP was significantly impaired in the liver-LPL mice (Fig. 5b) . To further amplify any effects that liver-specific overexpression of LPL might have on hepatic metabolism, liver-specific LPL was overexpressed onto heterozygous whole-body LPL knockout mice (liver-LPL͞het KO). These mice were compared with the heterozygous wholebody LPL knockout mice (het KO) that served as a control group for this study. Liver-LPL͞het KO mice showed similar increases in liver triglyceride content without changes in muscle triglyceride content as compared with the het KO mice (Fig. 6a) . Liver-LPL͞het KO mice were also insulin resistant, as reflected by decreases in steady-state glucose infusion rate and insulinstimulated percent suppression of basal EGP (Fig. 6b) .
Insulin suppresses EGP both by inhibiting glucose production and stimulating net hepatic glucose uptake. However, both of these processes are intimately linked in that activation of net glycogen synthesis is a key step in suppressing net EGP by diverting glucose 6-phosphate flux derived from gluconeogenesis into glycogen (by the indirect pathway), as opposed to its release into the circulation (23) . To assess the impact of liverspecific LPL overexpression on insulin-stimulated hepatic glycogen synthesis, we assessed the rate of 3 H-glucose incorporation into hepatic glycogen, an index of hepatic glycogen synthesis via the direct pathway, and found that the liver-LPL mice had a Ϸ73% reduction in the rate of hepatic glycogen synthesis as compared with control mice (4.2 Ϯ 1.4 vs. 15.4 Ϯ 4.1 nmol͞g͞min in controls; P Ͻ 0.05). These data suggest that accumulation of intrahepatic fatty acid-derived metabolites leads to a defect in insulin activation of glycogen synthase (20) , leading to defects in insulin-stimulated liver glycogen synthesis and insulin's ability to suppress EGP in the liver-LPL mice.
Insulin Signaling in Liver-LPL Mice. We found a 58% decrease in insulin-stimulated IRS-2-associated PI 3-kinase activity, which is a key step in the activation of glycogen synthase activity (24) , in the liver of both liver-LPL and liver-LPL͞het KO mice as compared with their respective control mice (Fig. 7a) . This finding suggests that the defect in liver insulin action may be secondary to the observed defects in liver insulin signaling in the liver-LPL mice. In contrast to decreases in insulin-stimulated IRS-2-associated PI 3-kinase activity in liver, insulin-stimulated tyrosine phosphorylation of the insulin receptor in the liver of liver-LPL and liver-LPL͞het KO mice was unaltered as compared with the control mice (Fig. 7b) . This finding parallels the results in the muscle-LPL mice and suggests that the defect in liver insulin signaling in the liver-LPL mice may also be because of an alteration in insulin signaling at the level of the insulin receptor substrates. In addition, it is possible that accumulation of fatty acyl CoA, a known activator of pyruvate carboxylase (25) , leads to a relative increase in hepatic gluconeogenesis without an increase in overall rates of EGP. Because glycogenolysis is more sensitive to insulin's action than gluconeogenesis (26) , this would further contribute to hepatic unresponsiveness during the hyperinsulinemic-euglycemic clamp. Despite severe hepatic insulin resistance in liver-LPL mice, basal EGP rates were not altered in these mice. This finding is consistent with similar observations in many other insulin resistant states, such as obesity (27) , that manifest decreased hepatic responsiveness to insulin suppression of EGP despite normal basal rates of EGP.
Despite defects in liver insulin action, insulin-stimulated whole-body and muscle glucose uptake, glycolysis, and glycogen synthesis were unaltered in both liver-LPL and liver-LPL͞het KO mice (Figs. 5 c and d and 6 c and d) . Consistent with this finding, we also found that insulin's ability to activate IRS-1-associated PI 3 kinase in muscle was unaltered in these mice (Fig.  7c ). These findings demonstrate that liver-specific overexpression of LPL caused liver-specific insulin resistance while maintaining normal insulin action and signaling in skeletal muscle.
Role of Fatty Acid-Derived Metabolites in Insulin Resistance. The mechanism by which tissue-specific increase in LPL causes tissue-specific insulin resistance may involve accumulation of intracellular fatty acid-derived metabolites (i.e., fatty acyl CoA, ceramide, diacylglycerol). Intracellular long-chain fatty acyl CoA, ceramide, and diacylglycerol concentrations in skeletal muscle were increased in the muscle-LPL mice (Fig. 8 a-c) . Moreover, intracellular long-chain fatty acyl CoA in liver was increased in the liver-LPL mice (Fig. 8d) . Increases in long-chain fatty acyl CoA concentration in muscle of muscle-LPL mice and in liver of liver-LPL mice reflect increased delivery of systemic fatty acids to these tissues, because fatty acyl CoA utilization in these tissues would not be expected to be lower in these mice. The mechanism by which accumulation of intracellular fatty acid-derived metabolites may cause insulin resistance in skeletal muscle remains unknown but may involve activation of protein kinase C-theta (PKC-), a serine kinase. Chalkley et al. (28) have reported that a 5-h lipid infusion increased muscle triglyceride and long-chain fatty acyl CoA contents, and this increase in fatty acyl CoA might lead to an increase in diacylglycerol, a known potent activator of PKC- (29) . Moreover, recent studies by our group have shown that an acute elevation of plasma fatty acids for 5 h resulted in activation of PKC-, which was associated with decreased tyrosine phosphorylation of IRS-1 (30) . In the present study, muscle-LPL mice with a muscle-specific increase in triglyceride content had significantly increased intracellular fatty acyl CoA and diacylglycerol concentrations in skeletal muscle, and this increased diacylglycerol concentration may activate PKC-in these mice. The activation of PKC-might induce a serine phosphorylation of IRS-1 in muscle and IRS-2 in liver, which in turn might interfere with IRS-1 and IRS-2 tyrosine phosphorylation by the insulin receptor, leading to decreased activation of PI 3-kinase in these tissues (29) . Thus, accumulation of intracellular diacylglycerol, a known activator of PKC- (29) , because of overexpression of LPL may be responsible for defects in insulin's ability to activate IRS-1-and IRS-2-associated PI 3-kinase activity in muscle and liver, respectively, and subsequent insulin action in these tissues.
It is also possible that increased concentrations of other intracellular fatty acid derived metabolites (i.e., ceramide) may play a role in the development of insulin resistance in these mice. Summers et al. have shown that ceramide suppressed insulinstimulated glucose transport in 3T3-L1 adipocytes by inhibiting phosphorylation and activation of Akt͞protein kinase B, a serine͞threonine protein kinase activated by insulin in a PI 3 kinase-dependent manner (31) and involved in the translocation of glucose transporter 4 (GLUT4) to the cell membrane (32) . In this regard, increased concentrations of ceramide in skeletal muscle of muscle-LPL mice may be because of de novo synthesis of ceramide via activation of serine palmitoyltransferase (33) .
In conclusion, we have shown that muscle-specific overexpression of LPL causes muscle-specific insulin resistance by causing defects in muscle insulin signaling and action. Similarly, liverspecific overexpression of LPL causes liver-specific insulin resistance by causing defects in liver insulin signaling and action. These defects in insulin signaling and action are associated with increased intracellular fatty acid-derived metabolites in muscle and liver. Our findings clearly demonstrate that increased fatty acid delivery to muscle and liver impair insulin's ability to metabolize glucose in these tissues, and that these defects are likely to be secondary to blunted insulin signaling caused by increased intracellular fatty acid-derived metabolites. Furthermore, the tissue-specific nature of these defects demonstrates that locally derived fatty acid metabolites are capable of inducing profound insulin resistance in liver and muscle, independent of any circulating adipocyte-derived hormone, and thus suggests a very different target for reversing this condition.
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